Introduction {#Sec1}
============

Upon admission for allogeneic hematopoietic stem-cell transplantation (allo-HSCT) many patients have lost body weight and some may even be malnourished \[[@CR1], [@CR2]\]. Weight loss often increases in the peritransplant period \[[@CR3]--[@CR6]\]. A study found increased risk of nonrelapse mortality (NRM) and inferior overall survival in patients with \>10% weight loss compared with weight loss \<10% \[[@CR3]\], while an association between weight loss and survival was not found in another study \[[@CR5]\]. One complicating factor when measuring body weight in the early phase of transplantation is the influence of capillary leak and fluid retention \[[@CR7]--[@CR9]\], which may mask weight loss. Therefore, measures of the different body composition compartments i.e. muscle and fat mass and total body water would be more relevant. To the best of our knowledge, no former study has measured body composition longitudinally after allo-HSCT and assessed the impact on survival.

Several studies have assessed the effect of nutritional interventions on body weight and survival in allo-HSCT recipients. A randomized controlled trial (RCT) of old date, compared total parenteral nutrition with an electrolyte-enriched solution \[[@CR10]\], and a later RCT compared individually adjusted parenteral nutrition with an electrolyte-enriched solution \[[@CR11]\]. Both studies reported improved body weight \[[@CR10], [@CR11]\], and the former found improved overall survival \[[@CR10]\]. However, there are no data showing that parenteral nutrition is superior to enteral nutrition in allo-HSCT \[[@CR12]--[@CR14]\]. Furthermore, it is not certain whether nutritional support during hospitalization for allo-HSCT improves survival.

We previously reported results of an RCT investigating optimized energy and protein intake compared to routine hospital procedure for nutritional support on global quality of life and clinical outcomes 3 months post-HSCT. The intervention had no effect on the primary endpoint, global quality of life, or the main secondary outcomes, oral mucositis and acute graft-versus-host disease (aGVHD) \[[@CR15]\]. The aim of this 1-year follow-up was to explore: (i) the effect of the intervention on death, relapse and NRM, (ii) changes in weight and body composition, and (iii) the effect of changes in weight and body composition on death, relapse and NRM.

Patients and methods {#Sec2}
====================

Patients {#Sec3}
--------

In total, 117 eligible patients (intervention: *n* = 57, control: *n* = 60) with a hematological malignancy ≥18 years of age, and able to provide informed consent received myeloablative conditioning before allo-HSCT were included in the study \[[@CR15]\]. Data were collected from August 2010 to February 2017 at Oslo University Hospital, Norway. The study was approved by The Regional Committee for Medical and Health Research Ethics South East Norway (\#S-09136c 2009/2115) and the Data Protection Supervisor, Oslo University Hospital, and registered at ClinicalTrials.gov, ID NCT01181076.

Procedures {#Sec4}
----------

The procedures have been described in detail \[[@CR15]\]. All patients received either (i) intravenous busulphan (four oral doses/day with target serum concentration of 900 ng/ml from days −7 to −4 prior to the transplantation) and intravenous cyclophosphamide (60 mg/kg body weight on days −3 and −2); or (ii) total body irradiation (1.3 Gy × 2 on days −8 to −4) combined with intravenous cyclophosphamide (60 mg/kg on days −3 and −2). Allografts were mobilized peripheral-blood stem cells or bone marrow cells from HLA-identical related or unrelated donors. GVHD prophylaxis was cyclosporine and methotrexate.

The nutritional intervention started when conditioning was initiated and continued until hospital discharge, and aimed at a daily energy intake of ≥126 kJ/kg body weight and a protein intake of 1.5−2.0 g/kg body weight \[[@CR15]\]. Patients received routine hospital food and were encouraged to take energy-enriched and lactose-reduced snacks and oral supplements daily. A nasoenteric tube was inserted within 5 days after transplantation. Those unable to meet the energy target by the oral or enteral route received supplementary parenteral nutrition (PN). Oral, enteral and PN energy intake was monitored on a daily basis. After discharge, nutrition advice, oral nutritional supplements and enrichment powder were provided at the regular outpatient visits. The control group received routine hospital procedure for nutritional support. During hospitalization, the intervention group received significantly more (median (range)) energy (kJ/kg) and protein (g/kg) compared to a reference group for the control group, 131.9 (58.2−178.7), 1.1 (0.5−1.5) and 99.2 (50.2−139.8), 0.6 (0.4−1.0) (*p* \< 0.001, *p* \< 0.001), respectively \[[@CR15]\].

Definition and assessment of study outcomes {#Sec5}
-------------------------------------------

Power calculation was based on the trials initial primary endpoint as previously described \[[@CR15]\]. Outcome variables in this follow-up study were death, relapse, and NRM 1 year post-HSCT, and body weight, fat-free mass index (FFMI) (including body cell mass, extracellular solids, extracellular water and intracellular water) and body fat mass index (BFMI) during the first year post-HSCT. One year post-HSCT was defined as the day the patients arrived for the regular 1-year visit. Death was defined as death from any cause, relapse was defined as bone marrow blasts \>5% and NRM as death from any cause except from relapse. Weight was measured by a Tanita scale (BC-418 MA, Tanita Corp., Tokyo, Japan) to the nearest 0.1 kg. A correction factor of 0.1 kg was used to adjust for the weight of light clothing. Body composition was estimated using a single frequency bioimpedance analyzer (Tanita scale), operating at 50 kHz, with eight-point contact electrodes. FFMI and BFMI were calculated as fat-free mass and body fat mass (kg/m^2^). Body weight, FFMI and BFMI were assessed at inclusion before conditioning, at 3 and 6 weeks and 3, 6, 9 and 12 months post-HSCT. Weight 6 months before inclusion was self-reported using the Patient-Generated Subjective Global Assessment form \[[@CR16]\]. FFMI was considered as low if \<17 kg/m^2^ for men and \<15 kg/m^2^ for women \[[@CR17]\]. Based on a previous study BFMI was considered low if \<2 kg/m^2^ for men and \<4 kg/m^2^ for women \[[@CR18]\]. The use of glucocorticoids was determined as the number of days for each patient on such treatment.

Statistical analyses {#Sec6}
--------------------

Cox regression was used to study the effects of the treatment group (intervention versus control), weight, FFMI and BFMI on death, relapse and NRM, using the standard competing risk framework for relapse and NRM \[[@CR19]\], while the Kaplan−Meier method was used to compare the probability of overall survival between the intervention and control group. We present hazard ratios (HRs) and 95% confidence intervals (CIs). Two patients had their allograft rejected and were censored at the time of the event when analyzing death, relapse and NRM. Those who rejected the allograft or relapsed had no further observations of weight and body composition. Body weight, FFMI, and BFMI were modeled as time-dependent continuous variables. In the multivariable analysis we adjusted for treatment group, gender, and age (categorized as \<44 and ≥44 years). We conducted a sensitivity analysis for death, also adjusting for discharge status (not discharged/discharged from hospital stay) as a time-varying covariate. Additional adjustment for disease status (standard risk and high risk) (see Table [1](#Tab1){ref-type="table"}), Hematopoietic Cell Transplantation-specific comorbidity index (low risk and intermediate/high risk) \[[@CR20]\] and European Group for Blood and Marrow Transplantation score (low and intermediate/high) \[[@CR21]\] did not change the results. The proportional hazard assumption was not fulfilled in the analysis of relapse, but when introducing a cut-off at 100 days the assumption was met. We also studied baseline body weight, FFMI and BFMI (all continuous) and weight change before baseline as a categorical variable (no weight loss, \>0−\<5% loss, 5−\<10% loss, and ≥10% loss; the first category includes the patients that gained weight). Body weight, FFMI, BFMI, and total body water were analyzed with a linear mixed model for repeated measures using all-time points (baseline, 3 and 6 weeks and 3, 6, 9 and 12 months). We tested for interaction between group and time. Chi-square or Fisher exact test was used to study the use of glucocorticoid (yes, no) during the early phase (baseline to 6 weeks) in relation to weight change (no weight gain/weight loss versus weight gain). A *p* value \< 0.05 was considered statistically significant. Analyses were performed with SPSS 26 (IBM Corp., Armonk, NY) and with R package bda, version 3.5.2 (R Core Team, Vienna, Austria).Table 1Clinical characteristics at inclusion (previously published \[[@CR15]\])CharacteristicsInterventionControl(*n* = 57)(*n* = 60)Age yr---median (range)45 (19−65)41 (18−62)Female20 (35)25 (42)AML36 (63)31 (51)  High risk first remission2322  After relapse, beginning of first relapse and in second remission109  First remission standard risk3---ALL6 (10)10 (17)  First remission high risk37  Early first relapse, second remission33CML2 (4)7 (12)  Chronic phase---1  Accelerated phase26CMML3 (5)3 (5)MDS6 (11)5 (8)Other^a^4 (7)4 (7)Donor  HLA-identical sibling17 (30)13 (22)  HLA-identical unrelated40 (70)47 (78)Stem-cell source  Bone marrow25 (44)27 (45)  Peripheral-blood hematopoietic cells32 (56)33 (55)Sex mismatch^b^17 (30)10 (17)Positive CMV serology  Donor27 (47)24 (40)  Recipients45 (79)43 (72)Conditioning  Busulphan + Cyclophosphamide56 (98)56 (93)  TBI + Cyclophosphamide1 (2)4 (7)HCTI---CI risk groups^a^  Low risk42 (74)45 (75)  Intermediate risk8 (14)10 (17)  High risk7 (12)5 (8)EBMT score^a^  0−333 (58)36 (60)  414 (24)14 (23)  5−710 (18)10 (17)Performance status ECOG  055 (96)54 (90)  12 (4)6 (10)BMI  Underweight2 (4)4 (7)  Normal weight31 (54)27 (45)  Overweight17 (30)26 (43)  Moderately obese4 (7)3 (5)  Severely obese3 (5)0 (0)Values are numbers (%) unless otherwise stated*AML* acute myeloid leukemia, *ALL* acute lymphocytic leukemia, *CML* chronic myeloid leukemia, *CMML* chronic myelomonocytic leukemia, *MDS* myelodysplastic syndrome, *CMV* cytomegalovirus, *TBI* total body irradiation, *HCTI-CI* hematopoietic cell transplantation-specific comorbidity index, *EBMT* score European Group for Blood and Marrow Transplantation score, *ECOG* Eastern Cooperative Oncology Group^a^An expanded list of baseline values for other diagnosis, EBMT score and HCTI-CI score is provided in Supplementary Table [S1](#MOESM1){ref-type="media"}^b^Sex mismatch was defined as female donor to male recipients

Results {#Sec7}
=======

Characteristics at inclusion of the 117 patients (intervention: *n* = 57, control: *n* = 60) are shown in Table [1](#Tab1){ref-type="table"} and Supplementary Table [S1](#MOESM1){ref-type="media"}. In total, 35 (29.9%) patients died during 1-year follow-up (17 in the intervention and 18 in the control group). One-year overall survival was similar in the intervention and control group (*p* = 0.88) (Fig. [1](#Fig1){ref-type="fig"}). Twenty (17.1%) patients suffered a relapse (10 in both groups), and NRM included 20 (17.1%) patients (9 and 11, respectively). Five patients who relapsed were still alive at 1 year. Results of analysis of death, relapse, and NRM within 1-year post-HSCT are shown in Table [2](#Tab2){ref-type="table"}. We found no significant effect of the nutritional intervention on any of the three outcomes (0.75 ≤ *p* ≤ 0.90, Table [2](#Tab2){ref-type="table"}).Fig. 1Kaplan−Meier plot for 1-year overall survivalTable 2Hazard ratios (HRs) and 95% confidence intervals (CIs) for treatment group, body weight, fat-free mass index and body fat mass index, and risk of death, relapse and nonrelapse mortalityUnivariableMultivariable^a^Variables*N*CasesHR (95% CI)*p* valueHR (95% CI)*p* valueDeath Group^b^117351.05 (0.54−2.04)0.88 Weight (kg)117351.03 (1.00−1.05)0.021.03 (1.01−1.06)0.01 FFMI (kg/m^2^)115351.05 (0.94−1.17)0.411.07 (0.91−1.26)0.42 BFMI (kg/m^2^)115351.13 (1.01−1.26)0.031.19 (1.05−1.35)0.01Relapse Group^b^117201.15 (0.48−2.27)0.75 Weight (kg) ≤ 100 days^c^117200.98 (0.94−1.03)0.480.96 (0.91−1.02)0.17 Weight (kg) \> 100 days^c^1.07 (1.02−1.13)0.011.08 (1.01−1.15)0.02 FFMI (kg/m^2^) ≤ 100 days^c^115200.95 (0.77−1.16)0.590.82 (0.61−1.09)0.17 FFMI (kg/m2) \> 100 days^c^1.34 (1.03−1.75)0.031.44 (1.00−2.06)0.05 BFMI (kg/m^2^)115201.02 (0.86−1.20)0.831.06 (0.89−1.27)0.50NRM Group^b^117200.95 (0.39−2.28)0.90 Weight (kg)117201.03 (1.00−1.06)0.061.04 (1.01−1.08)0.02 FFMI (kg/m^2^)115201.07 (0.92−1.23)0.401.13 (0.90−1.41)0.30 BFMI (kg/m^2^)115201.12 (0.97−1.29)0.111.18 (1.01--1.39)0.04*FFMI* fat-free mass index, *BFMI* body fat mass index, *NRM* nonrelapse mortality^a^Adjusted for treatment group, gender and age^b^Intervention versus control^c^The effect changed over time (nonproportional hazards) and follow-up was split into two periods ≤100 and \>100 days

Significant changes were observed in body weight, FFMI, BFMI and total body water in both the intervention and control group during the 1-year follow-up (*p* \< 0.001 for all), but with no significant differences between the groups (0.17 ≤ *p* ≤ 0.98) as shown in Fig. [2a--d](#Fig2){ref-type="fig"} and Supplementary Table [S2](#MOESM1){ref-type="media"}. Also, no significant interaction was found between group and time, i.e. the effect of time was similar in both groups (0.12 ≤ *p* ≤ 0.65). Mean body weight and BFMI decreased during the first 6 months, and then remained fairly stable throughout the 1-year follow-up (Fig. [2a, c](#Fig2){ref-type="fig"}). Mean FFMI and total body water increased initially, while only FFMI decreased before stabilizing (Fig. [2b, d](#Fig2){ref-type="fig"}).Fig. 2Mean values and standard errors for: **a** body weight (kg), **b** fat-free mass index (kg/m^2^), **c** body fat mass index (kg/m^2^) and **d** total body water (%) during 1-year follow-up

Table [2](#Tab2){ref-type="table"} shows that the effects of weight, FFMI and BFMI on 1-year death, relapse and NRM were quite similar in univariable and multivariable analysis. Here we report multivariable results. For each kg increase in body weight the risk of death increased with 3% (*p* = 0.01) and the risk of NRM with 4% (*p* = 0.02). No significant association was found between weight and the risk of relapse over the whole period (*p* = 0.57); however, due to lack of proportional hazards, follow-up was split. No significant association was found between weight and risk of relapse during the first 100 days (*p* = 0.17), while a significant effect was found after 100 days (6% increased risk per kg increase in weight, *p* = 0.02). FFMI was not significantly associated with death (*p* = 0.42) or NRM (*p* *=* 0.30). FFMI was not significantly associated with relapse before 100 days (*p* = 0.17), and borderline significant after 100 days (*p* = 0.05). BFMI was significantly associated with death (*p* = 0.01) and NRM (*p* = 0.04), while no association was found with relapse (*p* = 0.50) (Table [2](#Tab2){ref-type="table"}). Adjustment for discharge status did not change the associations between weight, FFMI, BFMI and death (0.01 ≤ *p* ≤ 0.50) (Supplementary Table [S3](#MOESM1){ref-type="media"}).

We also assessed the effects of weight, FFMI and BFMI at baseline on death, relapse and NRM 1-year post-HSCT with similar results in univariable and multivariable analyses except for BFMI who changed from nonsignificant in the univariable to significant in the multivariable analysis (Supplementary Table [S4a](#MOESM1){ref-type="media"}), the multivariable *p* values are reported here. We found no effects of baseline weight and FFMI (0.14 ≤ *p* ≤ 0.97), while baseline BFMI was significantly associated with death (*p* = 0.04) and increased NRM (*p* = 0.03), but not with relapse (*p* = 0.83). Moreover, no significant association was found between weight change the last 6 months before allo-HSCT and death, relapse and NRM 1-year post-HSCT (0.37 ≤ *p* ≤ 0.93) (Supplementary Table [S4b](#MOESM1){ref-type="media"}).

Twenty-one (36.8%) patients in the intervention and 24 (40.0%) in the control group received glucocorticoid treatment in the early post-transplant period. Median (range) numbers of days with glucocorticoids were 25 (2−78) and 34 (8−88), respectively. We found a significant association between glucocorticoid usage and weight change from baseline to 6 weeks post-transplant; 25.7% among those treated with glucocorticoids and 5.5% among those not treated with glucocorticoids gained weight (*p* = 0.004), but not from baseline to 3 weeks (corresponding percentages were 33.7% and 31.3%, respectively, *p* = 0.85, Supplementary Table [S5](#MOESM1){ref-type="media"}).

Discussion {#Sec8}
==========

The present study yielded three main results. Firstly, we found no significant difference between the intervention group with optimized energy and protein intake and the control group in risk of death, relapse and NRM within 1 year of allo-HSCT. Secondly, body weight and body composition changed significantly during 1-year follow-up, and the changes were similar in both groups. Thirdly, weight gain increased the risk of death and NRM during 1-year follow-up and the risk of relapse after 100 days (i.e. 3 months). We found the same association between weight gain and death when adjusting for discharge status.

There might be several explanations for why optimized energy and protein intake was not superior to routine hospital procedure for nutritional support on 1-year survival. Firstly, the targeted 126 kJ/kg and 1.5−2.0 g protein/kg calculated at baseline may be too low in the intense catabolic phase following allo-HSCT \[[@CR22]\]. However, a higher energy intake may be difficult to achieve without a risk of fluid overload in the early post-transplantation period. Secondly, we cannot ignore the possibility of no differences in energy and protein intakes between the intervention group and control group, since oral energy intake was not monitored in the control group to avoid unintended focus on nutrition. However, we monitored energy and protein intakes in a reference group prior to the study and found no significant differences between the controls and the reference group in energy and protein intakes derived from glucose, enteral and parenteral nutrition. Moreover, total energy and protein intakes were significantly lower in the reference group than in the intervention group \[[@CR15]\]. Thirdly, the effect of enteral nutrition (EN) versus PN on survival has been debated. All the intervention patients received a PN supplement in addition to EN to achieve the targeted energy requirement \[[@CR15]\]. Similar to the present study, two observational studies found no effect of EN combined with PN on body weight compared to PN alone \[[@CR23], [@CR24]\], but 3 months overall survival was better in the EN group compared to PN alone in a study \[[@CR23]\]. One of these studies was a prospective study of recipients of allo-HSCT after myeloablative conditioning \[[@CR23]\], and the other was a retrospective study of recipients of myeloablative conditioning and reduced intensity conditioning \[[@CR24]\]. Energy and protein intakes were not reported in these two studies and since the sickest patients are often those who cannot tolerate EN, their results may be considered as inconclusive.

In the present study, mean body weight decreased during the first year post-HSCT, in line with several other studies \[[@CR3]--[@CR6]\]. Moreover, mean percentage of total body water increased until 3 months and remained high compared to baseline during the 1-year follow-up. Thus, we speculate that weight gain (i.e. fluid retention) may be an indicator of a complication of allo-HSCT, and not a marker of improvement in nutritional status. An initial increase in fat-free mass and a loss of fat mass can be masking an increase in extracellular water in the early post-transplant period. This is partly in line with a small study showing fluid shifts to the extracellular space along with body cell mass loss till 30 days after allo-HSCT, where after body weight and fat mass remained constant \[[@CR25]\]. Moreover, a RCT of old date reported an increase in fat mass and extracellular solids 28 days after allo-HSCT in patients receiving total parenteral nutrition compared to patients receiving an enteral feeding program \[[@CR14]\]. In the present study fat-free mass and body water were stable after hospital discharge as opposed to loss of fat mass. This is partly in line with a study showing loss of both fat-free mass and fat mass 30 days after allo-HSCT \[[@CR4]\]. Two of the present studies are of old date \[[@CR14], [@CR25]\] and differences in changes in body composition between studies may be due to the use of different assessment tools and the time points for measurements.

Weight change before allo-HSCT has been correlated with outcome \[[@CR1], [@CR2]\]. We found a positive association between BFMI and risk of death and NRM. In line with this has overweight before transplantation been associated with poor survival in allo-HSCT \[[@CR20]\]. In contrast, weight loss before transplantation has been correlated to an increase in relapse rate after transplantation \[[@CR1]\], but this was not confirmed in our study.

Weight gain may be a symptom or sign of one of the vascular endothelium syndromes (e.g. sinusoidal obstruction syndrome, capillary leak syndrome, engraftment syndrome) \[[@CR9]\] activated by the conditioning regimen, cytokines produced by the injured tissues, endogenous microbial products translocated through damaged mucosal barriers \[[@CR26]\], drugs \[[@CR27], [@CR28]\] and engraftment \[[@CR9]\]. Moreover, fluid overload has been associated with poorer overall survival and increased NRM \[[@CR8]\]. Additionally, glucocorticoid therapy is known to have an effect on weight gain and body composition, in particular muscle atrophy, central accumulation of fat mass and increased extracellular fluid volume \[[@CR29], [@CR30]\]. Corroborating this, one study found an association between decrease in indirect measurement of fat-free mass, and aGVHD, and glucocorticoid therapy \[[@CR6]\]. We interpreted an early increase in FFMI and weight gain as fluid retention. Therefore our findings suggest that the sickest patients gained weight and this weight gain was a complication of HSCT. Former studies suggesting that malnutrition is an independent risk factor of mortality are cross-sectional and thus not able to establish causal relationships. It is questionable if weight loss is an independent risk factor that can be reversed with nutritional support or a result of the underlying disease \[[@CR31], [@CR32]\]. It is possible that weight loss prior to treatment not merely reflects insufficient nutritional intake and malnutrition, but also is a marker of disease severity.

Moreover, a significant association was found between weight gain and glucocorticoid usage from baseline to 6 weeks. However, independent of corticosteroid usage more patients (33.3%) experienced weight gain from baseline to 3 weeks than from baseline to 6 weeks (12.0%). An increase in total body water (i.e. fluid retention) in the early phase may be a symptom or sign of endothelium damage (organ dependent or systemic) due to toxicity of the conditioning regimen. An essential enzyme for metabolizing busulphan is glutathione transferase (GST), and increased toxicity of the conditioning regime may be a result of reduced activity of the GST enzymes \[[@CR33]\]. An association between glutathione transferase *GSTA1* and *GSTM1* gene variants and busulphan pharmacokinetics and weight gain and mortality ≤30 days post-HSCT have been reported \[[@CR7]\]. We can only speculate on genetics as an explanation model for the association between weight gain and death in the present study.

This study has several strengths and limitations. We achieved the recommended energy and protein intake in the intervention group \[[@CR15]\]. Moreover, the energy and protein intake were based on the available recommendations, when we designed the study \[[@CR22], [@CR34]\] and are in line with current guidelines \[[@CR13]\]. Furthermore, the targeted energy requirement was adjusted by resting energy expenditure measured with indirect calorimetry \[[@CR35]\].

Dehydration or overhydration overestimate or underestimate fat-free mass or fat mass, respectively \[[@CR36], [@CR37]\]. A particular strength of our study was that we performed and interpreted longitudinally estimations of body composition with the same device under the same conditions \[[@CR36], [@CR37]\]. However, the main study was not powered for these secondary analyses.

In summary, we found no differences between the intervention and control group in risk of death, relapse, and NRM after 1 year. Moreover, changes in body weight and body composition were significant during 1-year follow-up, but similar in both groups. Weight gain was associated with increased risk of death and NRM during 1-year follow-up and increased risk of relapse after 3 months. In conclusion, weight gain is possibly due to fluid retention and is an indicator of complications in HSCT, rather than a marker of improved nutritional status.
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